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Synopsis

Chain transfer constants were obtained for styrene, methyl methacrylate, methyl
acrylate and vinyl acetate, polymerized in methyl oleate and methyl stearate at 60°C.
Transfer constants increased in the order: methyl methacrylate < styrene < methyl
acrylate < vinyl acetate in both solvents. Average values of the transfer parameters
were: for methyl oleate, Qi = 2.04 X 1074 ey = 1.08; for methyl stearate, Qi =
0.373 X 1074 ey = 1.01. Indication that polar species predominate in the transition
state is supported by the observed order of reactivity The usual rate dependence ap-
peared to be followed by all of the monomers except vinyl acetate, which was retarded,
severely in methyl oleate. Transfer in methyl oleate was about 5.8 times greater than
that found in methyl stearate for these four monomers. The internal allylic double bond
of methyl oleate had about the same reactivity in transfer as had the terminal unsatura-
tion in N-allylstearamide at 90°C. Rough estimates were obtained of the monomer
transfer constants for the long side-chain homologs of these four monomers from the
respective monomer transfer constants and the experimental transfer constants, corrected
for transfer to the labile groups of the solvent. It was concluded that the rate of poly-
merization would determine in large measure the degree of polymerization for the reactive
18-carbon homologs but that the molecular weight of poly(vinyl stearate) and (oleate)
will be regulated primarily by transfer to monomer.

INTRODUCTION

Few determinations are available of chain transfer constants for vinyl
monomers polymerized in saturated and unsaturated esters.!* Studies
with saturated esters include those of styrene polymerized in ethyl ace-
tate,? methyl methacrylate in ethyl acetate,®* and vinyl acetate in ethyl
acetate,’ 8 a variety of esters including methyl n-butyrate, n-amyl acetate,®
and selected n-alkyl acetate homologs.’® Values of the transfer constant
were generally small (ca. 0.4 to 3 X 10—%), increasing with decreasing
monomer reactivity?~? and increasing length of the acyl group.8®* How-
ever, in one work,® where the length of the n-alkyl group in a series of n-
alkyl acetates was varied, the labile a-methylene group alone appeared to
determine the magnitude of the transfer constant. Only two papers!!:12
compared transfer constants for two structurally different radicals toward a
common solvent (ethyl acetate). Of special significance to this work was



the observation!® that transfer constants for vinyl acetate increased propor-
tionately as the side-chain length increased, when ethyl esters of the homol-
ogous series of fatty acids were used as solvents.

Even fewer studies were made of chain transfer in unsaturated systems.
The available data included vinyl acetate polymerized in allyl acetate, in
methyl oleate, and in selected alkenes;® styrene'* and methyl methacry-
late® in several alkenes, and four vinyl monomers in N-allylstearamide.!®

In this work are reported chain transfer constants and transfer param-
eters for styrene, methyl methacrylate, methyl acrylate, and vinyl acetate
polymerized at 60°C in methyl oleate and in methyl stearate. This choice
of monomers should define the relative magnitude of transfer of radicals
having a wide range of reactivity toward a saturated and unsaturated ester
of otherwise identical structure. The corresponding degree of rate retarda-
tion should reflect on the ease of addition of the two solvent radicals to
these monomers. Comparison can also be made of transfer by the methy-
lene-flanked, internal double bond of methyl oleate, and the external
allylic double bond of N-allylstearamide.’® The recent observation' that
homopolymers and copolymers having 18-carbon oleyl side chains do not
exhibit side-chain crystallinity gave added impetus to this investigation.
Side-chain crystallinity characterizes the linear alkyl side-chains of equal
carbon length. This often leads to undesirable embrittlement in copoly-
mers made by use of fat-derived vinyl monomers.!® Therefore, it seemed
important to know the extent of transfer and rate retardation to be expected
for various radicals in the presence of unsaturation in the side chain.
Finally, if transfer by the long side chains can be isolated, rough approxima-
tions of the monomer transfer constants can be calculated for 18-carbon
homologs of these four monomers.

EXPERIMENTAL

AMaterials

Methyl oleate was purchased from Applied Science Laboratories and was
99.79, pure by gas-liquid chromatography, mp —19.9°C, and contained
no trans- isomer by infrared analysis.

Methyl stearate was obtained by esterification of stearic acid (Hystyrene,
Humpko Products), twice crystallized from acetone (10 ml/g) at 0°C.
The stearic acid was esterified with a 7 mole ratio of methyl alcohol, with
the use of 29, sulfuric acid as catalyst and 4 hr reflux time, isolated in
excess hot water; the crude product was twice crystallized (10 ml/g) from
acetone at 0°C to yield the ester in 749, yield, 999, pure by gas-liquid
chromatography. The saponification number was 186.8 and the melting
point was 39-40°C.

Polymerization Procedure

" The procedure previously described® was used, and similar sample
weights of monomer and solvent were employed, although in some cases the



quantities were doubled. Most of the polymerizations were conducted at
60°C. No thermal polymerization was noted at this temperature. Some
poly (methyl methacrylate) precipitated in both solvents; a little gel was
found for methyl acrylate polymerized in methyl stearate. All of the
other polymers were soluble. The polymers were isolated and freed of the
fatty ester by extraction with hot methanol (5 ml/g), except for methyl
acrylate, which was treated with hot Skellysolve B. Usually five or six
extractions with hot petroleum ether were carried out to remove solvent
from the vinyl acetate polymers; products obtained in methyl oleate were
extracted five or six times with n-hexane at room temperature. These
experiments were repeated with the use of a single room-temperature ex-
traction as in the technique employed by Clarke® Because similar molec-
ular weights were obtained in both sets, it was concluded that low molecu-
lar weight polymer was not being extracted and lost through the repeated
extractions. Elemental analyses were obtained on selected polymers and
yielded the expected values.

Solution Properties

The procedure of Jordan et al.'® was followed by use of a Mechrolab
osmometer. Intrinsic viscosities in benzene at 25°C were obtained from
ArRo Laboratories on the methyl methacrylate polymers polymerized in
methyl stearate at 60°C.

Computations

The regression parameters and their intercepts for egs. (1), (3), and (4)
were evaluated by an IBM 1130 computer using program designation
VGM-58 and were carried through third-degree polynomials. Programs
for the remaining calculations were written for insertion in a general calcu-
lation subroutine designated QREAD.

RESULTS AND DISCUSSION

Experimental Results and Rate Data

All transfer and rate data are given in Table I for the monomers poly-
merized in methyl oleate and in Table II for the polymerizations carried
out in methyl stearate. Values of the chain transfer constants for these
monomers in both solvents are listed in Table III. Transfer constants
were obtained by using the equation of Mayo,*

1/X, = 1/X 0 + Cs[S]/[M] 1)

where 1/X, is the reciprocal number-average molecular weight, [S]/[M] is
the solvent—-monomer ratio, and Cy is the chain transfer constant. 1/X,.0
is defined as C e

I/Xno = CM + kt/kpzlgp/[l\/-[]2 (2)
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where Cy is the constant for transfer to monomer and the second term
expresses the variation of X, by the rate.

Equation (1) applies only at low conversion when a constant ratio of
initiator to monomer is employed, so that B,/[M]? [eq. (2)] stays constant.
Other requirements are that low concentrations of initiator, preferably
azobisisobutyronitrile, be used, and that rate retardation be minimal.?

Because rates of polymerization were obtained at constant ratios of
initiator and monomer, exponents of the monomer and initiator concentra-
tions in the rate expression for steady-state polymerization could not be
ascertained in the usual way from the data. However, the rate law can be
expressed as

R, = K(IM][I]")* ®3)

where R, is the rate of polymerization (in mole/kg sec), K = k,fk,"*/k,",
and [I]is the initiator concentration. No rate retardation is present when
@ is unity; an increase in @ reflects the degree of retardation. Values of «
and K, obtained as the regression coefficient and intercept, respectively,
from plots of In R, versus In [M] + 0.5 In [I], are given in Table III.
Essentially no deviation from unity was found for a in all of the systems
studied except those employing vinyl acetate. Here, retardation was con-
tributed by both solvents, but methyl oleate was more rate-reducing,
especially at 90°C. R, was also found® to be directly proportional to
[M]”* for all of the monomers in both solvents, except vinyl acetate.
Retardation for this unreactive monomer is not unusual.® Solvent radicals
are often more stable than the monomer radical and addition to monomer is
thereby thwarted. The kinetic treatment for this situation has been given
for retardation in vinyl acetate by Allen et al.,>! and a complete general
treatment was presented by Kice.2? Values of the retardation ratio g,8
which is the ratio of the retardation rate to the rate in the absence of sol-
vent at the concentration of pure monomer,

q = R,/Ry

were obtained for the vinyl acetate experiments. Values of ¢ were 0.8-0.07
for methyl stearate and 0.07-0.01 for methyl oleate, and decreased with
dilution in both solvents. Because insufficient rate data were available,
the treatment of Kice?? could not be applied. Consequently, transfer
constants for vinyl acetate (Table IIT) may be considered only apparents
values.

The molecular weights for styrene and methyl methacrylate (Table II)
were considerably higher at low ester concentrations than were the values
for the pure monomer. Molecular weights, calculated from intrinsic vis-
cosities run in benzene at 25°C by using a molecular weight relation, 2 con-
firmed these results. This appeared to be an example of diffusion-con-
trolled termination,?*~2 introduced by the solvent viscosity, and known to
be characteristic of methyl methacrylate®* and styrene.”” However,
especially because methyl methacrylate was somewhat insoluble in both



solvents, delayed termination in precipitation polymerization® may be
operating in this case. Even theta-solvent retardation® could not be
dismissed as possibly contributing to the effect in styrene. While the
regression coefficients for transfer for the two monomers in methyl stearate
were obtained in Table III, by omitting the value for pure homopolymer
(at [S]/[M] = 0), values of the constant could have been affected somewhat
by the imposition of one of the above effects, even though the one that per-
tains is unknown. Of course, this reduction could be present in most of
the data but be masked by the greater magnitude of transfer in the others.

Transfer Constants and Transfer Parameters

Plots of 1/X, against [S]/[M], as in eq. (1), are given in Figures 1 and 2
for all of the monomers at 60°C, in both solvents. Values of the regression
coefficients Cs and intercepts 1/X,, are given in Table III. Transfer in
methyl stearate was much less than in methyl oleate, as would be expected.
Relative rates were: methyl methacrylate < styrene < methyl acrylate
& vinyl acetate in both solvents. Except for vinyl acetate, literature
values?—8 for the short-chain homologs are similar to those found here.
Consequently, the contribution of the side-chain methylene groups to the
numerical value of the transfer constants is small for all of the monomers
except vinyl acetate. The magnitude of the constant, found by Buselli'?
for vinyl acetate in ethyl stearate at 50°C, is higher than that found here for
methyl stearate by a factor of about 3.7. The reason for this is unknown,
but the intercept in the former work also seems to be unusually large. A
smaller value was found in this work for vinyl acetate in methyl oleate than
was previously found, where Cs was reported to be 0.1.

Transfer constants for styrene, thermally polymerized at 90°C in N-
allylstearamide’ and, in the present work, in methyl oleate at the same
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Flg 1. Reciprocal number-average degree of polymenzatlon vs. the solvent/monomer
ratio for the monomers polymerized in methyl oleate at 60°C.
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Fig. 3. Relation between the transfer constants in methyl oleate and in methyl stearate.

temperature, had similar values, being, respectively, 5.82 X 10— and 6.64
X 10~%  Corresponding values for inititated vinyl acetate were somewhat
different (620 X 10—* and 358 X 10— respectively). Kinetic complica-
tions of the former system® and structural differences might explain this
lack of correspondence. Because reasonably close values were found4 for
styrene polymerized in 1- and 2-alkenes, it may be tentatively postulated
that similar reactivities apply to both internal and external allylic unsatura-
tion.

A plot of In Cs for methyl oleate (MeOl) versus In Cs for methyl stearate
(MeS) was linear (Fig. 3) and corresponded to the relation

Csateory = Q[Csuesy]” “4)



*988I0AR OY) UI PAPN[OUL J0U oI0M SITBd 918}90%8 [AUIA—OULILIS Y3 10§ 2 PUB () q
‘9181098 [AUIA ‘YA ‘0)B[AI0R [AYIOW ‘VIA ‘0re[A10%8ylow [AYteu ‘VININ ‘eusif)s sogrusis £1Q «

T0°1 €L8°0  o3AV
8L'T 0%9°0 VA-VIX
0L°2 €860 VA-VINIX
'8¢ L'81 L%l VA L0°T— 9110 VIN-VINIX
GL'0 0L°0 LST70 VI 16°0— 91’1 VA-£18
820 0¥ 0 ¥010°0 VININ L9°0 8260 VIN-£38
90T 861 L810°0 £ 60 19¢°0 9YBI8I)S SN VININ-£18
801 ¥0'c  q3AV
L6°1 67°¢ VA-VIX
9% c0°¢ VA-VINIX
0°L1Z 0°'%0L £°08 VA 90°0— €01 VIN-VINIX
99°¢ €9°¢ ¢9L°0 VI e8'1— @08 VA-£18
89°1 11°2 L190°0 VINIX 6€°0 9¢°1 VIN-£38
(4R 91°6 0290°0 A9 L¥0 8¢'1 918310 9N VININ-£18
punoyg PorBD 098-9[0WI/3Y Uy  JOWOUOA! 9 0T X *0O JUSATOS osared
: JOWOUOTA!
S)UBISUOD JQJSUBLT, JUBISUOD I9JSUBL) OYadg s1ojoureled IoJSuUBLY,

D09 18 9)8189)S [AYIOIN PUL 9983[() [AYIPIA Ul POZLIOWIA[OJ SIOWIOUOTA [AUIA PO}09[eg 10F SI90WeIe] I9JSUBl ],
Al HTAVL



Because 7 is almost unity (Fig. 3), rates of transfer in methyl oleate are
roughly greater than those in methyl stearate by the factor @ = 5.8. The
products QCs for styrene in hexane and heptane at 100°C'2:!4 are, respec-
tively, 5.2 and 5.5 X 10~%  Found values of Cs for 2-hexene and 2-heptene
were'* 3.6 and 3.2 X 1074, respectively, indicating qualitative correspon-
dence.

When transfer data are available for a number of monomers toward a
common solvent it is possible to calculate the transfer parameters, Q. and
€4, corresponding to the copolymerization parameters of Price and Alfrey.3°
This was demonstrated some years ago by Fuhrman and Mesrobian3! and
has been applied to several solvents.??=%* Values of @, and e:, are given in
Table IV for all possible monomer pairs by using the relation

Cs = ku/ky = Qtr/Qle_el(m_el) (5)

Somewhat similar values of the polarity parameter e, were found for both
solvents, especially if one compares the average values. The generally
positive nature of e, suggests that both solvents act as strong electron
acceptors in the transition state. Larger transfer constants should there-
fore be found for electron-donating styrene compared to electron with-
drawing methyl methacrylate in these solvents, in spite of the opposite
magnitudes of their propagation rate constants.3! The ratios of the propa-
gation constants and the absolute transfer constants (the latter given in
Table IV) are lower for styrene and vinyl acetate in both solvents and thus
are in harmony with this concept.?! The calculated transfer constants in
Table IV, computed using the average values given in the table by substitu-
tionin eq. (5), are in fairly good agreement with observed values.
It is possible to estimate k,/k,? by rearranging eq. (2)

ki/ky? = (1/Xw — Cu)/Ry/[M]? (6)

Literature values for Cy for catalyzed experiments at 60°C were taken,P
and R, was calculated by using @ and K of Table III in eq. (3) at [S]/[M]
= 0. Values of k,/k,? for comparison were obtained by using absolute
values of k, and k, at 60°C.** Values of k,/k,2 were, respectively, for
methyl oleate, methyl stearate, literature: styrene 678,619,1163; methyl
methacrylate 38, 4.0, 36.2; methyl acrylate 861, 323, 2.2; vinyl acetate
144 (2.9 at 100°C), 8.7, 2.8. Agreement was fair for all systems except
methyl acrylate, considering the assumptions made and the experimental
errors involved. Autoacceleration® may have affected the results for
methyl acrylate.

Estimates of Monomer Transfer Constants
for Monomers with Long Side Chains

Rough estimates may be obtained of the limiting degree of polymerization
at zero rate for homologs of the four monomers containing 18 carbon side-
chains. To accomplish thisthe alkane (or alkene) portion of the fatty acyl
group of the solvent is considered to replace one hydrogen atom of the acyl
methyl in vinyl acetate, the side-chain methyl in the acrylate and methacry-



late ester, and the p-hydrogen in styrene. The limiting degree of polymer-
ization for the homologs becomes

X, = 1/Cyew = 1/10n + (Cs — Ci)] )

where Cy is the monomer transfer constant and C is the transfer constant
of the radical toward ethyl acetate, in catalyzed experiments.’® This
ester is taken as the approximate model for the contributions to transfer
conferred by the labile groupings in the two solvents,** while Cs is the
value of the transfer constant listed in Table III at solvent to monomer
ratio of unity. Because C's was not available for methyl acrylate, the value
of the polymer transfer constant Cp,* equal to 0.5 X 107, was taken as
approximating the value, because the labile groups are similar. It is
assumed in eq. (7) that all members of a homologous series have equal
reactivity, an assumption that seems to be valid.®*-* Values of X, in eq.
(7) were 8 400 and 2 700 for p-n-octadecyl- and p-oleylstyrene, respectively;
44800 and 6160 for n-octadecyl and oleyl methacrylate, respectively;
17 400 and 2870 for n-octadecyl and oleyl acrylate, respectively; 254 and
46 for vinyl stearate and oleate, respectively. These constants are, of
course, very approximate and cannot be confirmed directly. Degrees of
polymerization for initiated low conversion poly (n-octadecyl acrylate) were
about 650,% but values for inititated bulk polymers can be 1 000-1 500, and
values for poly(vinyl stearate) prepared at this laboratory are usually about
150-200. Poly(vinyl oleate) is known to be oligomeric,*® and poly-p-n-
octadecyl-styrene apparently has a high molecular weight,* in qualitative
agreement with predicted values. More significantly, these data suggest
that the rate of polymerization primarily determines the molecular weight
for monomers having long alkane or alkene side chains except for the vinyl
esters. Here chain termination oceurs primarily by transfer to monomer.*!

SUMMARY AND CONCLUSIONS

Styrene, methyl methacrylate, methyl acrylate, and vinyl acetate were
polymerized at 60°C in both methyl stearate and methyl oleate. Transfer
constants were in the order, methyl methacrylate < styrene < methyl
acrylate << vinyl acetate, in both solvents. The presence of polar species
in the transition state was supported by the order of reactivity. Transfer
toward methyl oleate was about 5.8 times greater than that toward methyl
stearate for all of the monomers. The internal allylic double bond of
methyl oleate had about the same reactivity as the terminal unsaturation in
N-allylstearamide. Rough estimates of the monomer transfer constants
were derived for homopolymers having long alkane or alkene side chains.
It was concluded that the rate of polymerization determined, for the most
part, the degree of polymerization for the reactive monomers, but that the
molecular weight of the vinyl esters was regulated primarily by transfer to
monomer. '
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